Oxidative stress has been implicated in pathogenesis of many diseases, but few studies describe its influence on spermatogenesis. In this study, we analyzed the direct influence of hypoxanthine (Hx)-induced reactive oxygen species (ROS) on spermatogenesis in fish using the Japanese eel (Anguilla japonica) testicular organ culture system. Testicular fragments of eels were cultured in 0
INTRODUCTION
Free radicals, such as reactive oxygen species (ROS), are generated by exogenous agents (e.g., radiation, chemicals, hyperoxia) or via endogenous processes, such as in normal cellular metabolism. A number of studies implicate ROS as a double-edged sword: they have a role in pathological processes, but can also serve as key signal molecules in physiological processes [1] . ROS have been implicated in the regulation of diverse cellular functions, including defense against pathogens [2] , intracellular signaling [3] , transcriptional activation [4] , and proliferation [5, 6] . ROS have physiological roles, such as acrosome induction and sperm capacitation in low concentrations, but ROS also have pathological effects on macromolecules, such as polyunsaturated fatty acid, amino acid, and sugars in high levels [7] [8] [9] . When ROS are present at levels that greatly overwhelm the capacity of endogenous cellular antioxidant defense system, oxidative stress occurs. The resulting damage to cells and organs may induce and/or accelerate disease processes. Oxidative stress has been implicated in cancer, aging, atherosclerosis, ischemic injury, inflammation, and neurodegenerative diseases [10, 11] .
ROS is known to play an essential role in the pathogenesis of many reproductive processes. In humans, oxidative stress attacks the sperm membrane lipids and the DNA in the sperm nucleus [12] . ROS-induced DNA damage may accelerate the process of germ cell apoptosis, leading to the decline in sperm counts associated with male infertility [7] . Numerous studies have documented the cellular changes resulting from oxidative stress induced in cells following exposure to cytotoxic drugs and ultraviolet or gamma irradiation. Frequent exposure of humans to ionizing radiation may cause male infertility [13] , and excessive ROS is associated with radiation-induced damage to the germ line [14] . Previous studies also suggest that oxidative stress mediates chemical-induced toxicity in mammals [15, 16] . In fish, we have shown that oxidative stress mediates arsenic-induced effects [17] . However, there are few reports examining the direct effects of ROS on spermatogenesis and its mechanism [18] .
Superoxide dismutases (SODs) are enzymes that are found ubiquitously in oxygen-metabolizing organisms. SODs scavenge superoxide radical anions. Superoxide radicals are responsible both for direct damage to biological macromolecules (e.g., proteins and DNA) and for generating other ROS. SODs keep the concentration of superoxide radicals at low limits, and therefore play an important role in the defense against oxidative stress [19] . In mammals, three types of SODs have been identified. They are characterized by prosthetic metal ions and cellular localization: copper (Cu) and zinc (Zn)-containing SOD (Cu/Zn-SOD, SOD1) is found predominantly in the cytoplasm [20] ; manganese-containing SOD (Mn-SOD, SOD2) is located in the mitochondria [21] ; and Cu and Zncontaining extracellular SOD (EC-SOD, SOD3) is located mainly in the extracellular space [22] [23] [24] . Among these isotypes, Cu/Zn SOD activity has been found to be higher in seminal plasma than in other extracellular fluids in mammals [25] . Our recent study showed that high levels of Cu/Zn-SOD are present in spermatogonia that render it tolerant to oxidative stress compared with advanced germ cells [26] . Thus it is important to determine the role of SOD in spermatogenesis in fish.
The Japanese eel (Anguilla japonica) model has been extensively used as a tool to study the direct effects of chemical pollutants on spermatogenesis [27, 28] , as well as the identification of various factors that function in spermatogenesis [29, 30] . In vertebrates, the Japanese eel testicular organ culture system is one of the very few systems available for induction of complete spermatogenesis in vitro from spermatogonial prolif-eration to spermiogenesis [31] . In Japanese eel, spermatogenesis can be induced by human chorionic gonadotropin (hCG) injection in vivo or treatment with a fish-specific androgen, 11-ketotestosterone (11-KT), or hCG in vitro. Here, we utilized the Japanese eel model to examine the effects of ROS on spermatogenesis, the mechanism of its effects, and the protective mechanism involving SOD against these ROS in the testis.
MATERIALS AND METHODS

Animals
Cultivated immature male Japanese eel, A. japonica (body weight: 180-200 g; n ¼ 5 per experiment) were purchased from a commercial eel supplier and kept in circulating freshwater tanks at 238C until use. The experiments were conducted in accordance with the institutional animal ethics guidelines of Ehime University, and were approved by the Animal Experimental Committee of Ehime University (Protocol Number 128, Permit Number H19-001).
Testicular Organ Culture
Five fish were anesthetized with 0.05 % (v/v) ethyl-p-amino benzoate before dissecting. Testicular organ culture techniques were carried out following methods described in previous papers [26, 31] , with minor modifications. In brief, testes from five eels were used in in vitro experiments, representing five replicates per treatment. Freshly removed testes were cut into 1-mm 3 1-mm 3 0.5-mm pieces and placed on 1.5% (w/v) agarose (Agarose S; Wako Inc.) cylinders covered with a nitrocellulose membrane in 24-well plastic tissue culture dishes. Two to four testicular fragments from each fish were randomly assigned to each control and treatment group and then cultured in 1 ml of Leibovitz L-15 medium (Invitrogen, Ltd.) containing 10 mM Hepes, 1.7 mM Lproline, 0.1 mM L-aspartic acid, 0.1 mM L-glutamic acid, 0.5% (w/v) bovine serum albumin, and 1 mg/l bovine insulin with 0, 0.1, 1, 10, and 100 lM of hypoxanthine (Hx; Sigma Aldrich), a substrate for generation of ROS, with or without 10 ng/ml 11-KT, for 3 or 6 days at 208C in humidified air. Testicular fragments were then fixed in Bouin solution, embedded in paraffin wax, and cut into 4-lm serial sections. The sections were stained with Delafield hematoxyline-eosin for histological analysis. Testicular fragments derived from the same fish were used and analyzed on Days 3 and 6 of the culture, respectively.
Germ Cell Proliferation Assay
Immunohistochemistry for 5-bromo-2 0 -deoxyuridine (BrdU; Amersham Pharmacia Biotech) incorporated into replicating DNA was performed after 6 days of culture to analyze proliferation of germ cells, according to a previous paper [31] . After 6 days of culture, testicular fragments were incubated with 1 lM BrdU for 18 h and fixed in Bouin solution. Fixed testicular fragments were embedded in paraffin, cut into 4-lm sections, and incubated with a mouse monoclonal 1:1000 dilution of anti-BrdU antibody (Amersham Pharmacia Biotech) at 48C overnight. Afterwards, the sections were incubated with biotin- 
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labeled rabbit anti-mouse IgG as the secondary antibody, followed by a streptavidin-horseradish peroxidase complex (Nichirei Biosciences Inc.). The antibody reaction was visualized using 3,3 0 -diaminobenzidine (DAB, Dako). The sections were counterstained by Delafield hematoxylin, and the number of immunolabeled germ cells was counted and expressed as percent of the total number of germ cells in an area comprised of 100-250 germ cells.
Analysis of Germ Cell Death
To detect apoptosis, serial sections of 3-day-cultured testicular fragments from five eels from each group of fish analyzed for histology were used for TUNEL assay with a commercial kit (In Situ Cell Death Detection Kit, POD; Roche Diagnostics), following the manufacturer's protocol. The TUNELpositive germ cells were counted and expressed as percent of the total number of germ cells in an area comprised of 100-250 germ cells.
Immunohistochemistry for 8-OHdG
To investigate oxidative stress in testis, 8-hydroxy-2 0 -deoxyguanosine (8-OHdG) immunohistochemistry using anti-8-OHdG monoclonal antibody (Japan Institute for the Control of Aging) was performed on serial sections of testicular tissue used for TUNEL, following the manufacturer's protocol 
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with some modifications. After deparaffinization and rehydration, the sections were microwave heated in 10 mM citric acid buffer (pH 6.0). The sections were then blocked in 1% (w/v) Digoxigenin blocking reagent (Roche Diagnostics) in phosphate buffered saline (pH 7.4) for 30 min at room temperature and incubated with 1:20 dilution of primary antibody at 48C overnight. Biotin-labeled rabbit anti-mouse IgG was used as the secondary antibody, followed by a streptavidin-alkaline phosphatase complex (Nichirei Biosciences Inc.). The 8-OHdG immunostaining was quantified as described in our previous paper [17] . In brief, the following formula was used for the densitometric quantitation of 8-OHdG immunohistochemistry (8-OHdG index), as previously described [32] :
where X is the staining density indicated by a number between 0 and 256 in grayscale and is greater than the threshold value, and the area is the number of pixels included. Mean values of the integrated density per cells, which were obtained from two independently obtained files, were used as the representative value for ''8-OHdG index.'' The image files were analyzed with NIH Image freeware (National Institutes of Health), which is available on the Internet at http://rsb.info.nih.gov/nih-image/.
SOD Activity Assay
For analysis of SOD activity in testis, 10-15 testicular fragments from each fish were randomly assigned to each control and treatment group, and then cultured as described above. To measure the SOD activity, testicular fragments were homogenized in sucrose buffer. After adjusting the concentration of protein to 50 lg/ml, SOD activity assay was performed using a competitive inhibition assay for detection of superoxide radicals generated by xanthine oxidase and hypoxanthine, following the methods described previously [33, 34] . The assay was performed twice. One unit of SOD activity is defined as the amount of protein that inhibited tetrazolium reduction to 50% of maximum. The results were expressed as Units per milligram protein.
Statistical Analysis
All values were expressed as means (6SEM). A two-way ANOVA, followed by the Bonferroni post hoc test, was used to analyze the differences of means with GraphPad Prism statistical software. When appropriate, the Dunnett post hoc test was used to determine significant differences from controls. Significant difference was accepted at P , 0.05 in all cases, unless indicated.
RESULTS
Effects of Hx-Induced ROS on Spermatogenesis
To clarify the influence of ROS on spermatogenesis, we investigated the effects of ROS generated by the Hx/xanthine oxidase system on in vitro spermatogenesis using the Japanese eel testicular organ culture system [31] . Xanthine oxidase induces generation of superoxide anions by catalyzing the conversion of Hx to xanthine and xanthine to uric acid [35] . In our previous study, we detected xanthine oxidase activity in Japanese eel testis [26] ; hence, we used only Hx for the generation of ROS. After 6 days of culture, testicular fragments of the fish androgen, the 11-KT-treated, and the control group contained only type A spermatogonia. A normal histological structure of testis was observed in both the control group and that cultured with 11-KT (Fig. 1, A and B) . However, germ cells in testis treated with 100 lM Hx alone or with 11-KT underwent cell death. Extensive cell death and fibrotic hypertrophy of interstitial tissue were observed in groups treated with 100 lM Hx and 11-KT compared with those treated with Hx alone (Fig.  1, C and D) . There was no significant cell death, degeneration, or hypertrophy observed in testis exposed to 0.1-10.0 lM Hx with or without 11-KT (data not shown).
The influence of ROS generated by Hx on the progression of spermatogenesis was analyzed by BrdU incorporation in germ cells, and is shown in Figure 2 , A-F, and Figure 3 . The number of proliferating germ cells increased after 6 days of 11-KT treatment (Fig. 2, A and B, and Fig. 3 ) in a similar pattern to that observed in previous studies [28, 31] . However, ROS generated by the addition of Hx in a dose of 0.1-100.0 lM dose-dependently inhibited 11-KT-induced germ cell proliferation (Fig. 2, C-E, and Fig. 3 ). Even at the relatively low dose of 1 lM, Hx-induced ROS already inhibited 11-KT-induced germ cell proliferation (P , 0.001) in cultured testicular fragments. Treatment with Hx alone seemed to have no effect on germ cell proliferation at 6 days of culture (Fig. 3) . In testicular fragments treated with 100 lM Hx and 11-KT, very few or no BrdU-positive germ cells were detected, due to extensive cell death (Fig. 2F) .
Germ Cell Apoptosis
To analyze the cell death induced by ROS, we detected apoptosis by TUNEL assay. After 3 days of culture, an optimum period for observing and analyzing apoptosis and oxidative DNA damage, control and 11-KT-treated testicular fragments did not contain any apoptotic cells (Fig. 4, A and B) . However, an induction of apoptosis was observed in germ cells of testis exposed to high doses of Hx (100 lM), especially after induction of spermatogenesis by 11-KT (Fig. 4, C and D) . Although germ cell apoptosis was observed in the 100 lM Hx only-treated testicular fragments, the percentage of germ cells undergoing apoptosis (8.2 6 2.12) was not significantly higher than the control (0) or 11-KT-treated fragments (0) (P . 0.05). Interestingly, a significantly higher number of germ cells stained positive for TUNEL assay in testis treated with the combination of 100 lM of Hx and 11-KT (84.0 6 3.24) compared with those treated with Hx alone (P , 0.001; Fig. 4D ).
FIG. 3. Effects of ROS on germ cell proliferation in testicular fragments
cultured for 6 days in 0.1-100 lM Hx with 11-KT or without 11-KT. The number of positively immunoreacted germ cells is expressed as a percent of the total number of germ cells (n ¼ 5 per group). No significant differences were observed on the number of proliferating germ cells among testicular fragments treated with Hx alone, while a significant decrease in the number of proliferating germ cells was observed among those treated with both Hx and 11-KT. Different letters on the columns indicate statistically significant difference (P , 0.05). The two-way ANOVA showed a significant interaction effect between the concentrations of Hx and the treatment of 11-KT on the number of proliferating germ cells (F ¼ 20.10, P , 0.0001). Hx treatment accounts for 11.06% of the total variance (F ¼ 3.75, P , 0.05), while KT treatment accounts for , 0.1% (F ¼ 0.08, P . 0.05). *Significant differences (P , 0.01). À, without 10 ng/ml 11-KT; þ, with 10 ng/ml 11-KT.
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ROS-Induced Oxidative Damage
We compared the extent of oxidative DNA damage among different doses of Hx by immunohistochemistry for 8-OHdG, a marker for oxidative stress [36] . We observed no positive signal for 8-OHdG in control testicular fragments or fragments treated with just 11-KT (Fig. 5, A and B) . In fragments treated with just Hx, some germ cells showed weak positive staining (Fig. 5C ). However, numerous germ cells exhibited very intense staining in testicular fragments of the group treated with Hx and 11-KT (Fig. 5D) . These results agreed with the results of the TUNEL assay. Moreover, densitometric quantitation of 8-OHdG immunohistochemistry revealed an increasing 8-OHdG index in correlation with increasing Hx concentration, both in the Hx-only and the Hx with 11-KT-treated groups. A peak in 8-OHdG index (1.8 3 10 4 6 3.8 3 10 3 pixels/cell) was observed at the highest dose of Hx with 11-KT, in which apoptosis was most intense. Significant differences were observed at doses of 10 and 100 lM Hx between the Hxonly and the Hx with 11-KT-treated groups (P , 0.05), while no significant differences were observed at other doses (Fig. 6) .
Total SOD Activity in Testicular Fragments
SOD has been considered the primary antioxidant defense in cells; hence, we checked the SOD activity in response to varying concentrations of Hx. Total SOD activity assay showed a decrease in activity after 6 days of culture in 11-KT (P , 0.05). Moreover, at 100 lM Hx, wherein proliferating germ cells underwent cell death, a much lower activity was observed (Fig. 7) .
DISCUSSION
Under aquaculture conditions, the male Japanese eel has an immature testis containing only nonproliferating type A spermatogonia, which have not yet initiated any process of spermatogenesis. However, exogenous administration of hCG, which can cause an increase in plasma levels of 11-KT in the immature eel, can stimulate the complete pathway of spermatogenesis [37] . In this study, after treatment with 11-KT, the main androgen in teleosts, primary spermatogonia initiate mitotic proliferation toward meiosis, in vitro [31] . Thus, treatment with 11-KT triggers the induction of spermatogenesis. In this paper, we have shown that treatment of 11-KT enhanced the effects of Hx, indicating differences in testicular condition before and after initiation of spermatogenesis. In our previous paper [26] , we showed that spermatogonial stages are tolerant of Hx-induced ROS attack compared with advancedstage germ cells from spermatocyte to spermatozoa. In the present study, we present a new aspect, showing that 
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spermatogonia entering spermatogenesis are susceptible to ROS attack compared with nonproliferating primary spermatogonia. The direct effect of ROS on germ cell proliferation is also shown.
Several studies have implicated ROS in male infertility in mammals [9, 38] ; however, the direct impact of ROS on spermatogenesis in vertebrates, and their mechanism of action, is not yet well known. Here, we examined the direct effects of ROS on spermatogenesis in fish using the Japanese eel model. We report that a high dose of Hx (100 lM)-generated ROS, especially after induction of spermatogenesis by 11-KT, caused degenerative changes and cell death in cultured testicular fragments. Interestingly, severe detrimental effects, such as atrophy of almost all testicular fragments and hypertrophy of interstitial tissue, were observed in testicular fragments treated with the highest dose of Hx in combination with 11-KT. In previous studies, ROS has been known to mediate hypertrophy and germ cell death in arsenic-induced toxicity in testis [17] , and in other disease-related hypertrophy in other organs or tissues [39] [40] [41] .
Moreover, our findings imply that high doses of Hx can generate high levels of ROS to induce germ cell apoptosis, especially after induction of spermatogenesis by 11-KT. ROS has been known to be involved in apoptosis induction under both physiologic and pathologic conditions [42] , such as in human mesangial cells [43] , myelogenous leukemia ML-1a cells [44] , and in vascular smooth muscle cells [45] . Our previous study also showed excessive ROS to result in apoptosis of spermatocytes, spermatids, and spermatozoa [26] .
It was suggested that oxidative stress could induce apoptosis [46] , and that the excessive ROS responsible for this stress could induce DNA damage [47] . Since 8-OHdG is the most typical among oxidative DNA damage markers [36] , and has recently been mostly used in mammals to study DNA damage caused by oxidative stress [17, 26, [47] [48] [49] , we assessed the DNA damage caused by ROS in vitro using immunohistochemistry for 8-OHdG. We found that high levels of ROS induced by a high dose of Hx, especially after induction of spermatogenesis by 11-KT, induced DNA damage caused by oxidative stress in germ cells. If left unchecked, excessive ROS production can induce oxidative stress-damaging DNA, RNA, and proteins within the cell-and apoptosis [26, [50] [51] [52] [53] . Intense oxidative DNA damage was observed in testis exposed to the same treatment that caused severe apoptosis (i.e., after induction of spermatogenesis by 11-KT compared with those treated with Hx alone). These data imply that high doses of Hx, which generates high levels of ROS, induced oxidative stress and caused apoptosis. Moreover, germ cells entering spermatogenesis by androgen stimulation may be more prone to ROS-induced damage than type A spermatogonia. 
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Furthermore, we found that ROS suppressed germ cell proliferation induced by 11-KT. In mammals, it was implied that there is an approximately 0.05 lM of superoxide generated at physiological level [54] . In addition, in yellowtail (Seriola quinqueradiata), serum peroxidation levels, which are closely related to ROS generation, were found to range from 0.08 to 0.20 lM (Higuchi and Miura, unpublished results). Moreover, it was found that, at an Hx concentration of 0.1-100.0 lM, the amount of superoxide generation is proportional to the concentration of Hx [55, 56] . Hence, in our study, the superoxide generated by 1 lM Hx, which already suppresses germ cell proliferation, is just slightly higher than the physiological level. In mammals, oxidative stress induced by X-irradiation, environmental toxicants, and cryptorchidism has been reported to result in hypospermatogenesis [57] . It has also been suggested that cell replication and proliferation have a number of checkpoints at the G1/S, S, and G2/M phases [58] . Low levels of ROS may suppress germ cell proliferation by inhibiting the cell cycle. A previous study [59] demonstrated that cadmium-induced ROS caused cell cycle arrest in mouse lymphocytes before gradually shifting to apoptosis in cells, depending upon the intensity of ROS generation. The cell cycle regulator p53 is a molecule that plays a central role in controlling the cellular response to DNA damage and can arrest the cell cycle upon activation [60] . ROS has been known to induce p53 expression [61] . Based on these previous studies, ROS may inhibit mitotic germ cell proliferation via these pathways. Furthermore, it has been indicated that the entry of mitotic spermatogonia into meiosis is a critical step for the progress of spermatogenesis [62, 63] . Since proliferating spermatogonia undergo apoptosis, this may consequently prevent the entry of germ cells into meiosis, thus impairing spermatogenesis, and hence, reproduction.
Our data imply that the sensitivity to ROS generated by Hx may vary between different germ cell stages. This variation may be a result of differences in the degree of antioxidant system responses mediated by antioxidant enzymes expressed in germ cells. Thus, we checked the total SOD activity in testis treated with Hx alone or with 11-KT. We found that SOD activity in testicular fragments was low after 6 days of culture with 11-KT compared with the control without the androgen. In our previous study, total SOD activity in testis decreased after induction of spermatogenesis in vivo. Nonproliferating primary spermatogonia contain high SOD and Zn levels, two factors that protect these germ cells against ROS toxicity making them tolerant to ROS [26] . Treatment with 11-KT resulted in a downregulation of SOD and Zn levels as nonproliferating primary spermatogonia develop into more advanced-stage germ cells. Hence, intense germ cell death in 11-KT-treated testicular fragments exposed to high levels of ROS generated by high doses of Hx may be due to the imbalance between the oxidant and the antioxidant response of germ cells, leading to oxidative stress. Absence of SOD in skeletal muscle [64] or neural cells [65] leads to atrophy and cell death. In addition, low SOD levels in late-type germ cells, spermatocytes, spermatids, and spermatozoa, and knockdown of SOD in spermatogonia, result in susceptibility of these cells to oxidative stress and apoptosis [26] . Thus, these previous data support our present results.
Although not yet fully clarified, the decrease in SOD activity may be another reason for the decrease in germ cell proliferation. Without enough protection from ROS, germ cells may be weakened, and thus cannot proceed to their normal mechanism of development. Since ROS may cause profound changes in gene expression [66] , it is possible that factors necessary for the maintenance of spermatogenesis may be altered or inhibited, which may lead to the inhibition of germ cell proliferation. However, further studies are needed to confirm these findings.
It can be concluded that Hx-generated ROS dose-dependently inhibits in vitro androgen-induced germ cell proliferation. Moreover, high levels of ROS lead to oxidative stress and induce apoptosis of proliferating spermatogonia. Furthermore, decreases in SOD activity in testis after the onset of spermatogenesis induced by 11-KT may render proliferating FIG. 6 . Densitometric quantitation of 8-OHdG immunostaining in Hxonly and Hx with 11-KT-treated testicular fragments (n ¼ 5 per group). A significant interaction effect between the concentrations of Hx and the treatment of 11-KT on the 8-OHdG index was found (F ¼ 3.89, P , 0.05, two-way ANOVA). Both 11-KT and Hx treatment significantly affects the levels of 8-OHdG index (F ¼ 14.30, P , 0.001 and F ¼ 17.26, P , 0.0001, respectively). À, without 11-KT; þ, with 11-KT (10 ng/ml); significantly different from control without 11-KT (P , 0.05); *significantly different from control with 11-KT (P , 0.01). All data are presented as means 6 SEM.
FIG. 7.
Total SOD activity in 6-day-cultured testicular fragments of eels with Hx alone or with 11-KT (10 ng/ml; n ¼ 5 per group). There was no significant interaction effect between Hx and the treatment of 11-KT on the SOD levels (F ¼ 0.52, P . 0.05). KT accounts for 57.31% of the total variance (F ¼ 70.38, P , 0.0001), while Hx treatment showed no significant effect (F ¼ 2.58, P . 0.05). Values are expressed as means 6 SEM. *Significant differences; significant difference compared with control without 11-KT (P , 0.05).
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spermatogonia susceptible to ROS and oxidative stress, leading to apoptosis. These data provide a basis for directing future studies in spermatogenesis and examining the mechanism of ROS-mediated effects on spermatogenesis in vertebrates.
